INTRODUCTION
Subjective colour is a psychophysical phenomenon which has been known for more than a century. First discovered in 1826 by Benedict Prevost, it covers a wide group of effects, of which the most interesting is probably the sensation of colours caused by temporal changes in achromatic stimuli. There are different methods to induce colour with achromatic stimuli; the best known and most investigated is Benham's disk (review, Cohen & Gordon, 1949) , a simple device for presenting time-changing spatial stimuli (see Fig. 1 ).
The disk is composed of black and white sectors, and sectors containing black arcs on a white background. When it is spun clockwise at rates of 5-10 Hz, the three arcs appear with three different colours: P1 reddish, P2 greenish and P3 bluish (Fig. 1) . Rotating the disk counterclockwise causes the order of colours to reverse. It is important to note that the movements of the stimuli are not essential for colour sensation, and that a temporal modulation of the patterns is sufficient to produce the effect (e.g. Festinger, Allyn & White, 1971; Jarvis, 1977) . The arc's width (i.e. its visual angle) seems to be correlated with a certain spatial structure within the retina. When the width is too narrow the subjective colours disappear, and when the arcs are too wide, the colours tend to appear only on their rims while the inside is seen as achromatic (e.g. Campenhausen, 1968a) .
The stimuli responsible for the different colours elicited are determined by the lengths and the locations of the arcs. These are actually temporal parameters.
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When the disk is spun at a very slow rate the perceived colours desaturate and eventually disappear (Campenhausen, 1968a, b) . At high rates the arcs fuse into uniform archromatic circles. Thus temporal parameters are crucial for the Benham disk phenomenon.
One of its prominent properties is that the bluish or the reddish perception of the arc, which is reflected by P1 ( Fig. 1) , is produced and is dependent on the rotation direction of the Benham disk. The only difference in the stimulations is that when bluish arc is seen, a white sector precedes the arc and it is followed by a black sector. Whereas, when a reddish arc is seen, a black sector appears first and the arc appears at the beginning of the white sector [see Fig. l(b) ]. Thus it appears that the different stimulation history before the arcs play a critical role. In this paper we will account for the dependence of the perceived colour on stimulus history and propose a cellular mechanism sensitive to this stimulation history.
Although the subjective colour phenomenon, especially of Benham's disk, has been known for a long time, there is currently no widely accepted quantitative explanation for the mechanisms underlying this Benham's disk phenomenon. Since its discovery, different studies have been made to explain its origin, usually related to differences in the spatio-temporal properties of the colour vision channels (Cohen & Gordon, 1949) . Among these, we note the work of von Campenhausen (1968a, b) , who provided support for the claim that the phenomenon is being elicited as early as the retinal levels as a result of lateral interaction when different stimuli fall on adjacent parts of the retina. Several studies have suggested more precise sites for the phenomenon in the retina, such as the cone receptors (Pieron, 1922, docu- mented in Cohen & Gordon, 1949) , the amacrine cells (Adamczak, 1981; Tritsch, 1992) , the outer plexiform layer (Campenhausen, 1968a, b) or the retinal ganglion cells (e.g. Zrenner, 1983; Schramme, 1992) .
Some of the previous efforts were focused upon deriving a quantitative model for the phenomenon of subjective colours. However, as far as we know, none of the models incorporates explicitly both the spatial and the temporal aspects of the problem, with direct relevance to these parameters of the physiological mechanism. Polizzoto and Peura (1975) used a double crosscorrelation function between P0 and P1, P2, P3 as an analysis technique to represent a mathematical relation between the stimuli and the responses. Their model succeeded in obtaining different responses to the different arcs of the Benham disk. However, they did not explain the phenomenon in terms of the physiological properties of the visual system. A similar model (Both & Campenhausen, 1978 ) did relate the model to physiology. The model involved a single cross-correlation between the P0 and P1, after they had passed low pass filters. This model did not predict the change in perceived colours when the rotation rate of the disk is changed (Doniselli, 1907 in Cohen & Gordon, 1949 Verriest & Seki, 1965) , unless one assumes that the cells have additional a priori knowledge of the temporal cycle of the stimuli. This assumption, which is not addressed, is essential in the model's detection of stimuli phase shifts. Furthermore, this lateral interaction model does not ask how the system actually perceives the subjective colors, or in other words how the different colour pathways get imbalanced inputs which are analogous to the responses yielded from chromatic stimuli.
A recent model suggested by Courtney and Buchsbaum (1991) did address this imbalanced inputs issue. Their model incorporated physiological parameters of ganglion cells, including certain nonlinearities like rectification and saturation. They simulated the predicted responses of the colour pathways to temporally modulated achromatic stimuli (Festinger et al., 1971) , and found an imbalance when the responses were integrated over time. These stimuli contain no spatial variations. The subjective colour phenomenon, which is caused only by a temporal modulation of luminosity, is controversial in the literature (Jarvis, 1977 (Jarvis, , 1993 .
Our model represents both the spatial and the temporal aspects of the phenomenon, which are evident in stimuli like Benham's disk, and also takes into account the differences among the three colour pathways (Pieron, 1922; Stewart, 1924 in Cohen & Gordon, 1949 Courtney & Buchsbaum, 1991) to produce the imbalances necessary for subjective colour generation. To this end, we include at the first stage spatial profiles for the centre surround organization of the ganglion cells. In addition, the model suggests a detailed physiological mechanism for the phenomenon's building block (Spitzer, Almon & Sandler, 1993) . It occurs at the level of the ganglion cells in the retina. The model's building block takes into account the different types of stimulation history before the arcs, which play a critical role in this phenomenon. The building block is based on a very common cell response, the excitatory response to the turning off of an inhibitory stimulus, termed as the rebound response. Christina Enroth-Cugell et al. showed that a longer inhibitory stimulus evokes a larger Off response in X ganglion cells (rebound response) when the stimulus is turned off (Enroth-Cugell & Jones, 1963; Enroth-Cugell & Pinto, 1972) . Recently, a mathematical model and a physiological mechanism have been suggested for this response component, the rebound response, which describes its ability to detect both the spatial and the temporal edges of a stimulus (Spitzer et al., 1993) . The rebound response enables this detection without an entire loss of information about the stimulus duration. Thus the rebound response makes possible time compression of stimulus information. It could be claimed that previous ganglion receptive field models (Richter & Ullman, 1982; Victor, 1987 ) also take into account the effect of a previous stimulation by applying low pass filters, but their filters have temporal constants of only 10 20 msec, while the stimulation history which is considered here is much longer (Enroth-Cugell & Pinto, 1972; Baker, 1988) . Furthermore, we argue that previous receptive field models do not account for this response component, namely the rebound response with its temporal characteristics, since they would lead to some predictions which differ from physiological observations of the rebound response. For example, these models would predict that the inhibitory duration after excitation is identical to the rebound response duration after inhibition [see further discussion on this point in Spitzer et al. (1993) ]. Our model for the rebound response component predicts a trade off between the stimulus amplitude and its duration, similar to that found with the Benham disk (e.g. Campenhausen, Hofstetter, Schramme & Tritsch, 1992) . The similarity between the properties of the rebound response and the above mentioned subjective colour properties, which are determined by the stimulus history, have led us to suggest that the rebound response plays a role as an epiphenomenon in the subjective colour phenomenon.
We apply here the principles of the previous rebound response model (Spitzer et al., 1993) (2)], and its integral was taken as 1.
S/(L +M) with both their spatial and temporal properties. The spatial receptive field profile of both L +/M-and M +/L-ganglion cells is built from opponent centre surround areas (e.g. Zrenner, 1983; Schiller & Malpeli, 1978) . The spatial profile of the S/(L + M) cells has been commonly described with overlapping or at least less pronounced opponent mechanisms (Wiesel & Hubel, 1966; Zrenner & Gouras, 1981; Zrenner, 1983; Lennie, 1984) . However, other investigators have found a larger group of centre surround S/(L + M) cells than cells with a co-extensive organization (De Monasterio, Gouras & Tolhurst, 1975; De Monasterio, 1979) . The differences may emanate from the defocus of short wavelengths that results from chromatic aberration and makes it harder to establish the spatial organization of the S/(L + M ) cells receptive fields (Lennie, Haake & Williams, 1991) . The model here makes use of the spatial opponent mechanisms of these cells, taking them mainly from the group S /( De Monasterio, 1979; Lennie, 1984) . The model demonstrates how each arc of the Benham disk can create a dominant response from the appropriate colour cell, and at higher levels the responses of the colour pathways can be compared, yielding analogous responses to a stationary chromatic stimulus. In addition, the model predicts further phenomena which are related to the Benham disk, such as the perceived colour shift when the disk rotation rate is varied from the nominal rate. It also predicts a change of the perceived colour as a function of the duration of the white sector which precedes the arc on the disk. These additional phenomena have not been addressed by previous models, as far as we know.
THE MODEL
The centre parts of the retinal receptive fields are stimulated by P1, P2, P3 on the Benham disk ( Fig. 1) , while surround areas are stimulated by the adjacent sector as assumed by Campenhausen (1968a, b) . The model further takes into account the fact that the weight functions of the two opponent mechanisms of the colour receptive fields, which participate in this phenomenon, are not equal. The centre influence is larger, as reported physiologically (Lennie et al., 1991) . Let I(x, t) be the visual stimulus, and the ganglion cell spatial profile be fx(X) = DOG(x) (difference of two Gaussians) (Rodieck, 1965; Enroth-Cugell & Robson, 1966) . Therefore the cell spatial output is (see also Fig. 2 ).
as(t) = f L(xlI(x, t) dx.
(1) Next, a temporal filtering, i.e. a convolution of Gs(t) with a temporal filter
a (t) = Gs(t) .f(t)
( 2) is carried out. ft(t) is the impulse-response of the temporal filter (shown in the inset of the block diagram of Fig. 2 ). Since the weight functions of the receptive field's opponent mechanisms are not equal. Gs(t)SO when I(x, t) is a diffuse (spatially uniform) stimulus. Thus the model postulates separability of the spatial and temporal receptive field properties. The different linear expressions, as in equations (1) and (2), which convolve the receptive field profile with the stimulus (Rodieck, 1965; Enroth-Cugell & Robson, 1966; Marr, 1981) , has to be extended for including also the rebound response component (Spitzer et al., 1993) . We summarize briefly the principles of the rebound response, explain its relevance to the three types of colour coded retinal ganglion cells, and then describe the application of these responses to the Benham disk stimulation. The physiological mechanism which has been suggested for the rebound response is based on slow deinactivated ion channels during long hyperpolarization, in a manner similar to "low threshold calcium spikes" (LTS) (Llinas & Yarom, 1981 Vidal & Muhelethaler, 1990) . Under certain conditions, when the inhibition is turned off, the inactivation no longer exists and a depolarization wave can be evoked by Ca 2+ ions. This wave causes a train of spikes--the rebound-response. Findings from intracellular recordings at ganglion cells support the above biophysical mechanism (Belgum, Dvorak & McReynolds, 1982a, b) . Since we are interested in an expression which offers a correlation between stimulus parameters and response, and not in an ionic model, a functional expression was applied (Spitzer et al., 1993) .
The accumulated inhibition is expressed as
where the constant k has a large value of about 100 msec. This expression is the integral form of the membrane potential (or the diffusion function),
when AI (0) = 0, and G (t < 0) = 0. The expression leads to a stronger rebound-response with a longer inhibitory stimulus presentation. The magnitude of the rebound-response is also affected by the slope of temporal changes in the stimulus (Enroth-Cugell & Jones, 1963) . The effect of this slope I OG was taken as ~7, where D is constant.
The above factors, I(x, t )k and O, which influence the rebound-response, will in fact be expressed only when there is a temporal change in the stimulus. This conditional constraint is expressed by a multiplication operator in the model. The rebound-response is evoked only by the turning off or down of an inhibitory stimulus, light or dark. Thus temporal changes in the inhibitory stimulus have to be a decreasing function in the case of a light stimulus and an increasing function in the case of a dark stimulus. ~G ~ must therefore have a positive value, and account for both On-and Off-centre receptive fields and their surround regions.
In accordance with the above constraints, the rebound response B(t) of a ganglion X cell is consequently defined as:
otherwise J
The sum of the two response components of the cell, the inhibitory component G (t) and the rebound component B(t), was convolved with the temporal impulse response of the ganglion cell level, fgc(t):
fg~(t) has been taken as an impulse-response of RC 1 _t circuit, i.e. ~e , (Richter & Ullman, 1982; Spitzer et al., 1993) . The overall cell response, R (t), was considered to be partly rectified in such a way that strong inhibition would not be expressed, as commonly occurs physiologically. Here R (t) represents the activation level (spike discharge) or potential (which in this model is assumed to be proportional) or a single X ganglion cell. A general schematic flow of the complete cell model is illustrated in Fig. 2 (block diagram) . With regard to Benham's disk stimuli, the model takes into account that when the whole receptive field gets diffuse black stimulation, as from the black sector of the disk, there is no change in the spontaneous cell activity. The absence of a change has been incorporated into the model, since none of the three colour cells gets any input in such a case. This constraint has been applied for the three types of cells. When a diffuse white stimulus is 
AI(t) apply to the two M/L cells. This has been taken
as part of the temporal differences between them (Zrenner & Gouras, 1981; Zrenner, 1983; Schnapf, Nunn, Meister & Baylor, 1990 
when E > 1.
Higher stages
The visual system recognizes colour based on values from the different colour pathways, and not solely on the output of a single pathway. The model considers that the responses of each of the three colour cells are integrated by higher stages over a period of around 150 msec (Swanson, Ueno, Smith & Pokorny, 1991) . This range of periods usually covers more than one temporal cycle of the classical Benham disk stimulation. Thus the temporal integration is also consistent with the fact that the subjective colours are usually perceived in the disk as continuous rings. Evaluation of the perceived colour is effected by comparing the responses of the three colour pathways Rr, Rg and R b through a calculation of the fraction of the integrated response of each cell to the sum of all the three (Courtney & Buchsbaum, 1991) , as follows:
R r = R,/(R, + Rm + Rs)
(7) Rg = Rm/(R 1 + R m -~-Rs)(8)
R b = Rs/(R, + R m + Rs)
where Rl, Rm and Rs are the integrated responses corresponding to the colour cells. This comparison is carried out after normalization of the cell response to a "neutral" stimulation (Courtney & Buchsbaum, 1991) which is perceived as achromatic and therefore balanced with regard to the three colour pathways. On the Benham disk the changes from white to black sectors are usually as achromatic. This stimulation (P0 alone) is therefore chosen to be the reference point for neutral achromatic stimuli.
SIMULATED RESULTS
In order to assess the model, simulation tests were performed. The model was applied to a Benham disk with a period of 144 msec (about 7 Hz). This frequency is in the optimal range, where the three subjective colours usually appear with reasonable saturation. The duration of the arc was calculated as 24 msec, corresponding to 60 Benham's disk deg (Fig. 1) . The arc's spatial angular width was taken to cover an area equivalent to the weight function of the central part of receptive field of cells near the fovea.
At first, the responses, R (t), of the three simulated cells were calculated for the three stimuli shown in Fig. 1 , according to equations (1) Fig. 11 ) on the striate cortex neurons. The parameter D, which is dimensionless, reflects the fraction of the contribution of the stimulus slope in its turning off; it can be derived from the study of Enroth-Cugell and Jones (1963) . The threshold O reflects the amount of the accumulated inhibition which is sufficient to evoke a rebound response. For our specific model parameters it was found that O is about 20% of the maximum AI(t) that can be achieved. It has to be noted that the differences in the parameter, O relating to the three colour cells is also essential to produce the imbalances necessary to subjective colour, and applying different D values improves the model's performance, but does not violate it, if they would not be taken different. Although we applied different free parameters for the three colour cells, the range of the parameter values is in agreement with physiological findings. The exact values, especially for the different colour cells, have not been physiologically measured, and have been chosen here as the ones that can best yield the Benham effect.
The simulated results of the responses of the three colour cell types of P1, P2 and P3 of the Benham disk are shown in Fig. 3 (upper row) . The colour coded cell's responses, R(t), to each arc stimulus are shown by a rebound-response is evoked which coincides with an excitation increase in cell activity when the white sector is seen [ Fig. 3(a, b, d, e) ]. However, the stimulus of the white sector inhibits the S /(L +M) ÷ cell [ Fig. 3(g, h, i) ]. Later, when the black arc appears at this cell group, the inhibition ceases; and if a reboundresponse is evoked it is superimposed on the excitation- response which is yielded when the arc covers the centre receptive area and the white sector covers the surround area [ Fig. 3(h, i) ]. Of the three stimuli, the L +/M cells have their maximal response for the stimulus P1, larger than the S /(L + M) + cells [ Fig. 3(g) ] and slightly larger than the M +/L cells [ Fig. 3(d) ]. Both responses of the L/M cells decrease for stimuli P2 and P3 [ Fig. 3(b, c, e, f) ]. However, the decrease is greater for the L +/M cells [ Fig. 3(b,c) ], so that for P2 the M+/L cells have a larger response (evident after the integration stage). The response of the S /(L + M) + cells increases for P2 and P3, owing to the effect of the leading white sector [ Fig. 3(h,i) ]. The S-/(L +M) ÷ cell response is the largest for P3.
The 144 msec integration of the cell responses to the disk stimuli was performed from the third cycle, since the small degree of interaction from one cycle to the other is in steady state from this cycle. Such transientity has also been observed psychophysically (Le Rohellec, Vienot & Bonnet, 1992) . The integrated responses of the three colour cell types are brought to the neuronal levels which can evaluate the colour. The normalized responses [equations (7)- (9)] of the three pathways for the stimuli PI, P2 and P3 are shown in Fig. 4 . It can be seen that the dominant response to each Benham disk arc is derived from the "correct" pathway. Even though we do not attempt to simulate the exact values of the three CIE stimulus values, but merely to compare the outcomes of the three cells in order to estimate the hue of the arcs, the model succeeds in predicting the responses of the three different colour pathways to the achromatic Benham arcs.
Further simulations were performed in order to assess the sensitivity of the model to its parameters. It was found that its sensitivity to the D and E parameters was generally low, better than 20%. The sensitivity to the threshold parameters, O, was about 12% in the case of the M +/L-cell and much lower in the S-/(L + M) + cell, greater than 50%. The sensitivity to the temporal parameter k was 9%. The most sensitive parameter was found to be the weight function of the centre receptive field region. A change of about 5% in this parameter violated some of the predictions of the model. We tried to test the model for further predictions beyond the "classical" Benham stimuli. The model predicts a strong dependence of the duration of the white sector before the arc stimulus upon the perceived colour. This parameter, Ta, which is measured from the black sector's trailing edge, was therefore tested. be produced by Benham's disk. When Ta = 0, the perceived colour is reddish, as this pathway is at its peak.
As Ta increases the M/L pathway's responses decrease, but the decrease for L +/M greater. Thus the sensation passes through orange and yellow to green. As Ta acquires larger values, the S-/(L +M) + pathway response becomes stronger, so that the perception is of a greenish-blue and finally of a bluish hue. This model prediction (Fig. 5 ) is in agreement with psychophysical results (Wolf in Cohen & Gordon, 1949 ). The achieved model results can also be explained qualitatively as follows. When the Ta is increased (from a specific low value) the contribution of the L +/M cell is decreased, since the value of its AI(t) becomes more positive and therefore the rebound-response B(t) decreases. The rebound-response of the L +/M-by contrast, increases, because the amount of accumulated inhibition in this cell is increased. Since the three colour pathways are successive as function of Ta and have a high degree of overlapping (Fig. 5) , the full gamut of colours are predicted to be perceived.
Additional simulations were performed for calculations of all the stimuli changes deriving from changes in the rate of rotation. A similar general trend of perceived colour shifts has been reported psychophysically (Doniselli, 1907 in Cohen & Gordon, 1949 Verriest & Seki, 1965 ). These predictions were tested for disks which rotated at different rates while the normalization for the archromatic stimulation was performed separately for each given disk rate.
DISCUSSION AND CONCLUSIONS
We have presented a general spatio-temporal model for the subjective colour phenomenon of Benham's disk which is based on general cell response to inhibitory stimulation, and differences among the three colour pathways. The first stage of the model takes into account known spatial and temporal properties of the colour coded ganglion cells, including a specific nonlinearity, the rebound-response, which is suggested to initiate the effect. Since a rebound-response is evoked only when a stimulus is turned off or down, this approach is somewhat parallel to several previous attempts to explain the subjective colour phenomenon as related to aftereffects (Cohen & Gordon, 1949) . It has been suggested recently that such an after effect originates from the rebound-response which is evoked after sufficient inhibition at low levels of the visual pathway (Spitzer, Almon & Sandler, 1993) . We have shown here that the rebound responses associated with the three colour cells, which have different parameters (Pieron, 1922; Stewart, 1924 in Cohen & Gordon, 1949 Courtney & Buchsbaum, 1991) , yielded different responses at the colour pathways and thus provide a quantitative explanation for subjective colours, such as those induced by the Benham disk.
It is important to note that the rebound-response, which refers to both spatial and temporal stimulus parameters, is a general phenomenon which exists as 282 EHUD D. GRUNFELD and HEDVA SPITZER part of the responses of different cells, from the retina to the cortex. The rebound-response enables cells, even those with transient responses, to detect spatial and temporal edges, without an entire loss of information about the duration of the stimulation. The stimulus duration can be extracted at a higher stage by comparison of the excitatory-response component, G (t) and the rebound-response component B (t), which is influenced by the duration of inhibitory stimulation. Thus it enables a compression of temporal information on the stimulus (Spitzer et al., 1993) . It has been suggested that it also plays a major role in encoding direction selectivity for neurons of the V1, V2 areas (Spitzer & Almon, 1992) . This means that the phenomenon of subjective colours, which is based on the general response of the rebound response, is only an epiphenomenon of the colour pathways.
The study of Courtney and Buchsbaum (1991) incorporates physiological parameters of ganglion cells, including certain nonlinearities but, as they report, does not address the subjective colour phenomenon of the Benham disk, which also requires consideration of the spatial properties of the stimuli.
The present model, like that of Courtney and Buchsbaum (1991) , bases its results mainly on three colour cell types, even though it is possible that additional colour cells also contribute to the effect. The model is based on the rebound-responses of the ganglion cells, but since this physiological phenomenon is not unique to colour coded cells, but is very common in all cells, including the achromatic, it is very possible that the achromatic pathway also plays a role. Thus the contribution of the magnocellular pathway to brightness and the perceived colours is not excluded. Some psychophysical support for this suggestion can be seen in the after effect which yields a bright white trailing of the "reddish"arc (P1) of the Benham disk under strong illumination.
Even though the model deals only with the main factors which can yield the effect, it offers several additional psychophysical predictions. It predicts that the black sector which should (it is commonly assumed) be adjacent to the P3 "blue" arc need not come immediately after it. According to the model, an excitation-response is evoked when the arc covers the centre area of S -/(L + M) +, and this response overlaps with the rebound-response yielded after the inhibition caused by the white sector. Thus a small white sector after the arc should not be crucial for the blue sensation. Thus it is suggested that the "history" of the stimulation for the "blue" arc is the essential factor, and not the following stimulation. However, for P1 and P2, the "reddish" and "greenish" arcs, the white sector following the arc is crucial for obtaining the perceived colour, according to the model. These predictions are consistent with the conclusion of Festinger et al. (1971) , that the black sector of the disk is less important for the generation of hues from the arcs. The present model is also consistent with their suggestion that the black sector serves as a reset period which allows the effect to be regenerated at the next spin of the disk.
An additional prediction of the model is that, as has been shown psychophysically (in Cohen & Gordon, 1949) , a full gamut of colours is perceived for different durations of the white sector Ta. This prediction is displayed in Fig. 5 , where the three colour pathways are presented as a function of Ta. Moreover, the model also predicts that as the rate of the Benham disk decreases, there is a shift of perceived colours towards shorter dominant wavelengths. The green arc, for example, tends to become bluish and the reddish becomes greenish. Thus the current model succeeds in predicting not only the main effect of the Benham disk, Fig. 4 , but the shifts of hues perceived at different disk rotation rates or temporal changes.
